We studied fibre Bragg grating fabrication in Ge/B codoped photosensitive fibre using high-intensity (60−230 GW cm −2 ) 264 nm, 220 fs laser pulses The ratio of the refractive index modulation to the incident fluence was found to be independent of the irradiation intensity which points to a single-quantum mechanism of Bragg grating fabrication under the stated experimental conditions.
Introduction
Besides the tremendous development of fibre grating technology in the last decade [1] , some questions still remain unclear. One of these areas is related to fibre Bragg grating (FBG) fabrication by high-intensity (up to 250 GW cm −2 ) femtosecond UV pulses, which was recently demonstrated in a number of fibres, including standard telecom [2] [3] [4] , silicacore [3] , Ge/B codoped [4] , Ge-rich [2, 4] and others. Though the inscription mechanism based on two-photon absorption (TPA) was established for H 2 -loaded SMF-28 fibres [4] , no information is available regarding other fibres. In this work, we investigate FBG recording in a photosensitive Ge/B codoped fibre and show that it proceeds via a single-quantum (linear) mechanism.
Experimental set-up
For Bragg grating inscription we used the commercial laser Twinkle (Light Conversion Ltd, Lithuania). The experimental set-up was similar to that used in [4] . The femtosecond UV pulses (λ = 264 nm, ε p ≈ 200 µJ, τ p = 264 fs (FWHM), 2ω = 0.3 cm (FWHM), f = 27 Hz) were directed by a 21.8 cm fused silica cylindrical lens onto the fibre through a thin (1 mm) phase mask (Bragg Photonics Inc.) with pitch = 1.07 µm. The displacement of the lens with respect to the fibre allowed us to vary the UV irradiation intensity. The irradiation intensity was varied between 60 and 230 GW cm and total accumulated fluence values up to 3.5 kJ cm −2 were used. The relative accuracies of our fluence and intensity measurements were about 1 and 4% [5] . In the experiments we used H 2 -free Fibercore PS1250/1500 fibre supplied by Fibercore Ltd, UK. This boron-codoped germanosilicate fibre has a Ge content of about 10 mol%, a core diameter of 7.1 µm, a cladding diameter of 125 µm and a numerical aperture of 0.13. For comparison, we also used H 2 -loaded SMF-28 fibre from Corning Inc. with a Ge content ∼3 mol%, a core diameter of 8.2 µm, a cladding diameter of 125 µm and a numerical aperture of 0.14.
The incident pulse intensity, I, and the total incident fluence, E, were determined using the following formulae [5] : 
where ε p is the pulse energy incident on the fibre; F is the focal distance of the lens at 264 nm; S is the distance between the lens and the fibre; l is the thickness of the phase mask; n is the refractive index of fused silica (phase mask) at 264 nm (n = 1.5007 [6] ); τ is the pulse duration at FWHM; ω is the beam radius at FWHM; and N is the total number of pulses incident on the fibre. The induced refractive index modulation and the effective index changes were calculated according to the following equations [7] :
where T is the transmission loss peak; λ is the grating operation wavelength; L is the length of the grating; η is the mode overlap parameter (fraction of the fibre mode power contained in the fibre core); λ is the shift of grating operation wavelength with fluence; and pm is the pitch of the phase mask. Figure 1 demonstrates the typical refractive index change curves for both n mod and n eff versus the irradiation fluence, taken at a fixed incident intensity of 198 GW cm
Results and discussion
. Performing similar measurements at different irradiation intensities and plotting the initial slope n/E (usually corresponding to a fluence <1 kJ cm
) as a function of the irradiation intensity, we obtain the curves presented in figures 2(a), (b). From these plots it follows that the initial slope depends very little on the irradiation intensity ( n/E is almost constant), which means that both refractive index changes are proportional to the irradiation intensity (or fluence) or that the inscription mechanism proceeds via the single-quantum mechanism. Probably, two-photon absorption takes place only in the initial part of the fibre core (relative to the incident laser beam) and further decrease of the irradiation intensity (while propagating through the core) makes the absorption process linear.
From figure 1 it is clear that the refractive index modulation at high-intensity 264 nm irradiation saturates at the level ∼7 × 10 values of 7 × 10 −4 [8] and 8 × 10 −4 [9] reported for Ge/B codoped fibres of different content irradiated with the relatively low intensities of 1 and 5.7 × 10 5 W cm −2 at 244 and 255 nm, respectively. As the increase of the irradiation intensity by 2 × 10 11 and 3 × 10 5 times does not bring about any change of the saturation level, this could serve as another argument in favour of a single-quantum mechanism of FBG inscription at high-intensity femtosecond 264 nm irradiation. Finally, figure 3 compares the initial slope-intensity dependences for refractive index modulation taken for H 2 -loaded SMF-28 and H 2 -free B-codoped fibres in the case of high-intensity 264 nm irradiation. The difference between FBGs recorded in SMF-28 by a two-photon mechanism and those in PS 1250/1500 via a single-quantum passway is obvious.
A similar situation was studied in [10] , where at nanosecond 193 nm irradiation within the intensity range of 7−47 MW cm −2 , the two-step FBG inscription process was observed for a 3 mol% Ge-doped fibre, while for a fibre with 8 mol% Ge doping a single-quantum mechanism of Bragg grating recording was valid. In our case, a quick drop of the irradiation intensity of 264 nm femtosecond light pulses travelling through the core of Ge/B codoped fibre significantly decreases the yield of two-photon photoreactions participating in the FBG fabrication process even for incident pulse intensity values of 100−200 GW cm −2 . We also could expect the occurrence of a single-quantum mechanism for FBG fabrication in any highly Ge-doped fibre under our experimental conditions. 
Conclusion
A single-quantum mechanism of Bragg grating fabrication by high-intensity 264 nm femtosecond pulses in B-codoped germanosilicate fibres was established.
